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(54) Optical switch configuration 

(57) An optical switch comprises at least a first input 
optical guide (1 ) having a first beam exit termination (11) 
and a first and second output optical guides (3,4) re- 
spectively having first and second beam entrance ter- 
minations (31 ,41 ), and a movable reflecting element (6), 
operatively associated with said exit termination and en- 
trance terminations, movable between a first position 
and a second position, the first position causing an op- 
tical beam (14) exiting from said exit termination to be 
directed towards the first entrance termination, the sec- 
ond position causing said optical beam to be directed 
towards the second entrance termination. A normal di- 
rection to each of said exit termination and entrance ter- 
minations forms a first angle (oc1), different from 0°, with 
an optical axis (12,32,42) of the respective guide, said 
first angle depending on optical properties of the guides 
and of an optical transmissive medium between the exit 
termination and entrance terminations and being such 
that back-reflected beams inside the guides are attenu- 
ated with respect to a guide termination perpendicular 
to the optical axes of the guides. The optical switch is 
suitable to be integrated in a substrate, with integrated 
guides converging to a recess formed in the substrate 
and adapted to movably house the reflecting element. 
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[0001] The present invention relates generally to optical components, and specifically concerns optical switch de- 
vices. In particular, the invention concerns an optical switch for switching optical signals between optical guides Still 
op^ical'gllides ' imitatiVely ' the invention rela,es t0 a micro-machined optical switch, with integrated planar 

[0002] Silicon micro-machining, which enables to integrate in semiconductor chips entire Micro Electro-Mechanical 
Systems (MEMS), is currently the most promising technology in the field of optical components. In fact, this technology 
allows to integrate on a single silicon chip several optical functions, with obvious advantages in terms of miniaturization 
10 and performance. 

[0003] In particular, MEMS technology is proving useful for forming arrays of optical switches to be used as optical 
cross-connects (OXCs) in the field of optical communications. 

[0004] The techniques used for silicon micro-machining directly derive from the art of electronic integrated circuits 
and in particular make use of selective etchings of silicon to form the desired structures 
15 [0005] Several manufacturers of optical components already offer micro-machined optical switches, from the base 
elements (1x2 and 2x2 switches) up to higher-order arrays (8x8, 16x16 and more), showing good performances in 
terms of insertion losses and switching time. 

[0006] A still not completely solved problem of this technology, which limits the application thereof to the field of 
optics, concerns the optical interconnection, that is, the interfacing between the silicon chip including the micro-ma- 
chined optical elements (typically, mirrors and related actuators) for the optical beam deflection, and the optical fibres 
. l ° f COnneCt the device to the other components of the system, for example an optical transmission system 
[0007] In fact, the dimensions of the optical fibres and the requirements of spacing therebetween do not allow to 
keep the optical path outside the optical guides as short as desired, with the consequence that significant losses are 
introduced in the signal optical power. 

[0008] Considering that an optical fibre has a typical dimension of approximately 125 urn and that micro-machined 
mirrors with the respective micro-actuators, cannot be smaller than 30-40 urn not to induce aberrations on the optical 
beam, the optical path between the input and output fibres is of the order of 1 00 urn. Supposing, as it normally is that 
along such a path the optical beam propagates freely in air a propagation loss of approximately 3 dB(/.e., approximately 
50% of attenuation) is introduced. 
30 [0009] In order to overcome this drawback, the following solutions have been envisaged 

el™ 1 ,,. A fifSt SOlU,i ° n ' described for exam P ,e in L.Y. Lin et al, "Free-Space Micromachined Optical Switches with 
Submillisecond Switching Time for Large-Scale Optical Crossconnects", Photonics Technology Letters Vol 10 No 4 
April 1998, and in WO 00/73842, provides for using micro lenses placed in front of the fibres as light collimators The 
collimators reduce the angular divergence of the optical beam exiting from the fibres, and so the propagation losses 
* 5 are reduced. 

[0011] As a consequence of the requirements in terms of miniaturization of the chip and of dimensions of the optical 
elements used as collimators, these latter cannot provide an output beam of large diameter: the output beam diameter 
is normally lower than 100 .urn, while collimators used in conventional micro-optic devices provide an output beam with 
diameter of approximately 400 urn. This approach can be employed for the realization of three-dimensional switch 
40 arrays, with higher integration scales. 

[0012] The Applicant has observed that a main limitation of this solution resides in the difficulty of positioning the 
collimators, either single or in arrays. 

[0013] A second solution provides for tapering the optical fibres by means of chemical etching, until diameters of 
approximately 30 um are achieved. In this way, the optical fibres can be positioned in suitable "V-shaped grooves 
formed in the silicon chip near the mirror. ' 
[0014] This solution is for example described in C. Marxer et al, "Micro-Opto-Mechanical 2x2 Switch for Single-Mode 
Fibres Based on Plasma-Etched Silicon Mirror and Electrostatic Actuation", Journal of Lightwave Technology Vol 1 7 
No. 1 January 1999, which discloses a 2x2 optical switch for single mode fibres in which the switching principle is 
based on a vertical micro-mirror which can be moved into the optical path to switch light between two pairs of fibres 
Fabncation is based on the silicon micro-machining technology. The fourfibres are placed into grooves and are tapered : 
the cladding glass of the fibre is partially etched away in order to reduce the fibre diameter and to bring the fibre ends 
closer together. The use of silicon micro-machining technology allows to integrate the switching mirror, its electrostatic 
actuator and the alignment grooves for the fibres on the same chip. 

[0015] Another example of this solution is provided in C. Marxer et al, "Vertical Mirror Fabricated by Deep Reactive 
Ion Etching for Optic-Optic Switching Applications", Journal of Microelectromechanical Systems Vol 6 No 3 Sep- 
tember 1 997, describing an optic-optic 2x2 switch in which Deep Reactive Ion Etching (DRIE) of a Silicon-On-lnsulator 
(SOI) substrate is used to fabricate fibre grooves, suspension structures and actuators, and the mirror in the same 
etching step. Four single-mode fibres with tapered ends are placed and glued into alignment grooves at 90° 
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[0016] The Applicant has observed that a main limitation of this solution resides in the impossibility of forming arrays 
of switches on a same chip, due to technological limitations and to difficulties in handling the optical fibers. Conse- 
quently, this technique can only be used for forming elementary 1x2 or 2x2 optical switches. 

[0017] A third solution provides for forming the mirror and actuator structures in relief on a first silicon chip by using 
5 micro-machining techniques. The mirrors formed in this way are very thin, typically 1 or 2 urn. The actuators can for 
example be comb-drive actuators, which allow for limiting the dimensions of the overall mirror and actuator structures. 
On a second silicon chip a similar structure is formed, having recesses formed by selective etchings and adapted for 
housing the mirror and actuator structures; optical guides are also formed on the second chip. The first chip is then 
superimposed on the second chip, and the two chips are soldered together by means of the "flip-chip" method, making 
10 the recesses formed in the second chip to correspond to the mirrors of the first chip in such a way that the optical 
guides are properly located with respect to the mirrors. Subsequently, the interconnection between the optical guides 
and external optical fibres is realized by means of conventional techniques (e.g., using blocks of multifibre arrays), 
assuring low losses and high reliability. 

[001 8] This approach conjugates the advantages of the first solution with those of the second solution. In fact, a high 
15 scale of integration can be achieved, which makes it possible to integrate on a single chip arrays of optical switches. 
Additionally, the optical path outside the guides can be kept short, and the positioning problems inherent in the use of 
collimators are avoided. However, even this third solution is not exempt by problems. 

[0019] With reference to Figures 1 and 2, an integrated optical switch according to the third above-mentioned solution 
is schematically shown. The optical switch comprises, integrated in a substrate 100, a first and a second input optical 

20 guides 1 , 2, having respective optical axes 1 2, 22, and a first and a second output optical guides 3, 4 having respective 
optical axes 32, 42. The axes 1 2, 22 of the input guides 1 , 2 and the axes 32, 42 of the output guides are perpendicular 
to each other. Moreover, the axis 12 of the first input guide 1 coincides with the axis 42 of the second output guide 4, 
while the axis 22 of the second input guide 2 coincides with the axis 32 of the first output guide 3. 
[0020] The guides 1 , 2, 3, 4 are for example silica based glass optical guides on silicon. Preferably, the dimensions 

25 of the guides are chosen in such a way that the guided optical mode has a radius of approximately 5 u.m at a wavelength 
of approximately 1 550 nm. This allows to have a low losses (less than 0.1 dB) when the integrated guides are coupled 
with single-mode optical fibres normally used in optical communication technology. 

[0021] The input guides 1 , 2 and the output guides 3, 4 converge to a recess 5 formed by etching in the substrate 
100. The recess 5 has a square shape and the axes 12, 22, 32, 42 of the guides 1 , 2, 3, 4 are perpendicular to respective 
30 side walls 51 , 52, 53, 54 of the recess 5 and intersect such sides substantially at the centre thereof. In correspondence 
of the recess side walls, the guides 1 , 2, 3, 4 have terminations 11,21,31, 41 which are perpendicular to the respective 
axes 12, 22, 32, 42. 

[0022] The recess 5 contains an optical transmissive medium, such as air, and is adapted to house a mirror 6 with 
a first and a second parallel reflecting surfaces 61 , 62. The mirror, together with the associated micro -actuators (not 
35 shown), is formed by means of micro-machining techniques in a separate silicon chip, which is then superimposed 
and soldered to chip 100, for instance by means of the flip-chip technique. 

[0023] The mirror 6, which is aligned to a diagonal 55 of the recess 5, is movable inside the recess between two 
positions, under the action of the micro-actuators. 

[0024] In a first position, shown in Figure 1, the mirror 6 is substantially out of the recess and does not intercept a 
^0 beam 14 propagating along the axis 12 of the first input guide 1 or a beam 24 propagating along the axis 22 of the 
second input guide 2. Consequently, after propagating through the recess 5 the beams 14 and 24 enter the second, 
respectively first output guides 4, 3 and continue propagating along the axes 42, 32 thereof. When the mirror 6 is in 
this first position the optical switch is said to be in the bar condition. 

[0025] In a second position, shown in Figure 2, the mirror 6 is inside the recess 5 and intercepts the beams 14 and 
^5 24. Due to the mirror orientation, the angle of incidence of the beams 14, 24 against the first, respectively second 
reflecting surfaces 61 , 62 is 45°. Thus, the beam 14 is reflected towards the first output guide 3 parallel to the axis 32 
thereof, and at the same time the beam 24 is reflected towards the second output guide 4 parallel to the axis 42 thereof. 
Consequently, after propagating through the recess 5, the beams 14 and 24 enter the first, respectively second output 
guides 3, 4 and continue propagating in a direction parallel to the axes 32, 42 thereof. With the mirror in this second 
50 position the optical switch is said to be in the cross condition. 

[0026] In order to have low insertion losses, the optical path within the recess 5 should be as short as possible. In 
fact, since the propagation of the beams 14 and 24 within the recess 5 is not guided, the beams are subjected to an 
angular divergence which is higher the longer the optical path within the recess. 

[0027] The length of the optical path within the recess can be reduced by reducing the dimensions of the recess 5, 
55 that is the length of the side walls 51 , 52, 53, 54 thereof. 

[0028] However, as the Applicant has observed, there is a limit to the reduction of the recess dimensions. First of 
all, the recess shall be sufficiently large to house the mirror 6 and the associated micro -actuators. Secondly, when the 
recess dimensions become too small, the beams entering the recess from the input guides are partialized, with a 
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consequent increase in the losses. 

[0029] A trade off must thus be found between contrasting requirements. 

[0030] The Applicant has also observed that the losses introduced by the optical switch are different in the bar and 
cross conditions. 

5 [0031] Indicating with reference numerals 14 and 24 the centres of the propagating beams, it can be seen that while 
in the bar condition the beams 14, 24 continue to propagate along the axes 32, 42 of the output guides 3 4 this is not 
so in the cross condition. In the latter, due to the thickness of the mirror 6, the beams 14, 24 propagate through the 
output guides 3, 4 along directions parallel but offset with respect to the output guide axes 32, 42 In other words there 
is an offset d between the centre of the beams and the centres of the output guides. The consequence of this 'is that 

io different losses exist in the bar and cross conditions. 

[0032] Moreover, the Applicant has observed that the performances of the optical switch are limited by back-reflected 
beams which propagate through the optical guides. 

[0033] The Applicant has therefore devised an optical switch configuration that is not affected by the above-men- 
tioned limitations and drawbacks. 
'5 [0034] The Applicant has found that, by terminating the optical guides with a suitable angle instead that perpendic- 
ularly to the optical guide axes, it is possible to design an optical switch having an optimised configuration 
[0035] A first aspect of the invention relates to an optical switch comprising: 

at least a first input optical guide having a first beam exit termination and a first and second output optical guides 
respectively having first and second beam entrance terminations; 

a movable reflecting element, operatively associated with said exit termination and entrance terminations movable 
between a first position and a second position, the first position causing an optical beam exiting from said exit 
termination to be directed towards the first entrance termination, the second position causing said optical beam 
to be directed towards the second entrance termination, 

characterised in that a normal direction to each of said exit termination and entrance terminations forms a first 
angle, different from 0°, with an optical axis of the respective guide, said first angle depending on optical properties of 
the guides and of an optical transmissive medium between the exit termination and entrance terminations and being 
such that back-reflected beams inside the guides are attenuated with respect to a guide termination perpendicular to 
30 the optical axes of the guides. 

L° D ° 3 f \. Preferab| y- said first an 9'e is such that back-reflected beams inside the guides are attenuated of at least 40 
dB. Still more preferably, the attenuation is at least 50 dB. 

[0037] In particular, where the guides are silica based glass guides and the optical transmissive medium is air said 
first angle is equal to or higher than approximately 7°. Preferably, the first angle is equal to or higher than 8° ' 
35 [0038] Preferably, a first intersection between ideal extensions of the first exit termination and the first entrance 
termination is located at a first distance from a centre of the first exit termination and at a second distance from a centre 
of the first entrance termination, and said extensions form a second angle which depends on the first and second 
distances and on an angle of incidence of an optical beam exiting the first exit termination against the reflecting element 
when the latter is in said first position. 

40 ES? Sa ' d f ' rSt SeC ° nd distances Preferably range from approximately 1 0 urn to approximately 1 4 urn 

[0040] Said second angle can either be acute, and preferably comprised between approximately 68° and approxi- 
mately 90°, or obtuse and preferably comprised between approximately 93° and approximately 115° 
[0041] Preferably, an optical path from the first exit termination to the second entrance termination is substantially 

Z!fi l ° tW ' Ce an ° Pt,Cal Path fr ° m the ,irSt 8Xit termination t0 th e reflecting element when the latter is in the first position 
[0042] The second distance can be substantially equal to said first distance and the reflecting element be so arranged 
that, when in the first position, the optical beam exiting the first exit termination enters the first entrance termination 
substantially at the centre thereof. 

[0043] The optical switch can further comprise a second input optical guide having a second beam exit termination 
with a normal direction forming said first angle with an axis of the second input guide, the second input guide being 
arranged so that when the reflecting element is in the first position an optical beam exiting the second exit termination 
is directed towards the second entrance termination, while when the reflecting element is in the second position the 
optical beam .s directed towards the first entrance termination. In this way, a 2x2 optical switch is obtained 
[0044] Preferably, ideal extensions of the second exit termination and the second entrance termination form said 
second angle and intersect at a second intersection located at said first distance from a centre of the second exit 
termination and at said second distance from a centre of the second entrance termination 

[0045] In the 2x2 optical switch, the reflecting element is preferably arranged so that when in the first position it is 
located substantially midway between said first and second intersections. Said second distance is thus preferably 
made substantially equal to said first distance minus a value depending on a thickness of the reflecting element so to 
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substantially balance the offset effect introduced by the mirror thickness between the bar and cross conditions. 
[0046] Preferably, the axes of the first input guide and second output guide are parallel to each other, and the axes 
of the second input guide and first output guide are parallel to each other. 

[0047] In particular, the axes of the first input guide and second output guide are perpendicular to the axes of the 
5 second input guide and first output guide. 

[0048] In a preferred embodiment, said input guide or guides and said output guides are integrated in a substrate 

and converge to a recess formed in the substrate and adapted to movably house the reflecting element. 

[0049] The recess can have a parallelogram shape with perimeter walls defined by the extensions of the first and 

second exit terminations and first and second entrance terminations. 
10 [0050] A second aspect of the invention relates to an optical switching device comprising a plurality of optical switches 

realised as set forth hereinbefore and integrated in a same substrate. 

[0051] In the optical switching device the plurality of optical switches is arranged to form a two-dimensional array, 
the optical switching device further comprising a first and a second arrays of input guides, a first and a second arrays 
of output guides, and interconnection guides for interconnecting the optical switches to each other. 
15 [0052] Advantageously, each one of the arrays of guides is arranged along a respective side of the substrate. 

[0053] The optical switching device can further comprise four arrays of optical fibres each one aligned to and con- 
nected with a respective one of arrays of guides. 

[0054] Further features and advantages of the invention will be made apparent by the following detailed description 
of a possible practical embodiment thereof, provided merely by way of example and made in connection with the 
20 attached drawings, wherein: 

Figures 1 and 2 schematically show a configuration of an integrated optical switch, in the cross and bar operating 
conditions; 

Figures 3 and 4 show in detail the reflection of beams for two different positions of the mirror in the cross operating 
25 condition; 

Figure 5 schematically shows an optical switch configuration partially solving the problems of the configuration of 
Figures 1 and 2; 

Figure 6 schematically shows a guide termination according to the invention; 

Figures 7, 8 and 9 schematically show three possible optical switch configurations according to the invention; 
30 Figure 10 is a diagram showing the insertion loss (in dB) for the three optical switch configurations of Figures 7, 

8 and 9 when used as 1 x2 optical switches, as a function of an angle of incidence of the beam against the mirror; 
Figure 11 is a diagram similar to that of Figure 10, taking into account effects of beam truncation; 
Figure 12 corresponds to Figure 11 , and relates to the configurations of Figures 7, 8 and 9 when used as 2x2 
optical switches; 

35 Figure 1 3 is a diagram of the insertion loss (in dB) for the optical switch configurations of Figures 7, 8 and 9 when 

used as 2x2 optical switches, as a function of a different parameter; 
Figure 14 schematically shows an array of optical switches integrated in a chip, and 
Figure 15 schematically shows an interconnection scheme for the array of Figure 14. 

40 [0055] Referring to the optical switch configuration of Figures 1 and 2, as previously mentioned there is an offset d 
between the centre of the beams and the centres of the output guides. The consequence of this is that different losses 
exist in the bar and cross conditions. 

[0056] Referring to Figure 3, the amount d of such an offset depends on a thickness s of the mirror, and is given by 
the formula d = s x sin(6), where 9 indicates the angle of incidence of the beams 14, 24 against the reflecting surfaces 
^5 61 , 62 (that is, the angle formed by the beams with a direction 63 normal to the reflecting surfaces). 1 4' and 24' indicates 
the ideal reflect beams, should the mirror have a negligible thickness. 

[0057] If it is known a priori that the device is intended to work as a 1 x2 optical switch, the effect of the mirror thickness 
can be cancelled. Referring to Figure 4, by shifting the mirror 6 perpendicularly to the diagonal 55 so as to bring the 
first reflecting surface 61 aligned thereto, no offset in the reflected beam 14 exists. Thus, the losses in the bar and 
50 cross conditions are substantially the same. This solution however exacerbates the above-mentioned problem should 
the device be used as a 2x2 switch: in this case, the offset in the reflected beam 24 is twice that existing in the situation 
of Figure 3. 

[0058] Figure 5 shows an arrangement of guides allowing for balancing the insertion losses in the bar and cross 
conditions in a 2x2 optical switch. Differently from the arrangement of Figures 1 and 2, the axes 32, 42 of the first and 
55 second output guides 3, 4 are displaced of an amount equal to d/2 towards the associated input guides 1 , 2 in the 
cross condition. The axes 12 and 22 of the input guides 1 and 2 are at a distance W1 from a common vertex 56 and 
57 of the recess side walls 51 , 53 and 52, 54, where distance W1 is equal to half the length of a recess side wall, the 
axes 32 and 42 of the output guides 3 and 4 are at a distance W2 = W1 - (d/2) from said vertex 56 and 57. In this way, 
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both in the bar and in the cross conditions the beams propagating through the output guides are offset of d/2 with 
respect to the output guide axes. 

[0059] In the optical switch configurations so far described the fibre terminations are perpendicular to the respective 
axes. An interface between an optical guide and an optical transmissive medium having different refraction index such 
as an interface between a silica based glass optical guide and air causes back-reflections of an incident beam In terms 
of optical power, the level of the back-reflections is approximately equal to 3.5% (-14.5 dB). Due to the fact that the 
fibre terminations are perpendicular to the fibre axes, the back-reflected beams are completely confined within the 
guides. This negatively affects the device performance. 

[0060] Figure 6 schematically shows a guide configuration overcoming the above-mentioned problem of back-re- 
flections. Considering for example the first input guide 1 , the termination 1 1 thereof is slanted with respect to a direction 
perpendicular o the guide axis 12. More specifically, a normal direction 13 perpendicular to the termination 11 forms 
with the optical axis 12 an angle a1, different from 0°, whose value is chosen to have low back-reflections inside the 
optical guide 10. 

[0061] The value of the angle a1 varies depending on the refraction indexes n1 of the optical guide and n2 of the 
optical transmissive medium within the recess. For example, if the optical guide is a silica based glass guide and the 
medium is air a value of at least 7° for angle «1 allows to attenuate back-reflections inside the optica, guide 10 of at 
least 40 dB: a value of approximately 8° for angle a1 allows to achieve at least 50 dB of attenuation of the back- reflected 
beam inside the optical guide. Higher values for angle «1 allow to achieve an attenuation even higher For optical 
guides of different material, a suitable attenuation can be achieved for different values of angle «1 . For example in 
the case of optical guides in lithium niobate a suitable value for angle «1 is approximately 6°. Clearly, the invention is 

2 a Particular choice of material for the optical guides, nor to a particular optical transmissive medium. 
[0062] An optical beam propagating through the optical guide 1 0 along the optical axis 1 2 thereof, after encountering 
the termination 1 1 , continues to propagate in the medium along a direction 1 4 which forms an angle «2 with the normal 
direction 13 perpendicular to the termination. According to Snell's law, it is: 

n1 sin ct1 = n2 sin a2 

where n1 is the refraction index of the optical guide 1 0. Assuming that the medium is air, the value of angle «1 is 8° 
and the optical guide is a silica based glass optical guide foimed on silicon, the value of angle «2 is approximately 

eQUdl TO 1 1 . /2 

fu°f. 3 J J" Fi9Ure 6 the 9Uide termination 1 1 is slan ted counter-clockwise with respect to the guide optical axis 1 2 so 
that the beam 14 is deflected clockwise. A similar result in terms of back-reflections is achieved if the guide termination 
,s I!! it '1 °PP° site sense a. clockwise), so that the beam 1 4 is deflected counter-clockwise 

guides 1 2 3 4 ^ 1 ^ ^ ^ re " deSigned 80 as t0 have slanted terminations 1 1 , 21 , 31 , 41 for the 

[0065] Different spatial configurations of the optical switch are obtained depending on the fact that the terminations 
1 1 , 21 of the input guides 1 , 2 are slanted clockwise or counter-clockwise. 
[0066] In Figures 7, 8 and 9 three different spatial configurations are depicted 
40 t U T SPatia ! COn ' i 9 uration ' de P icted in Fi 9 ure 7. is also referred to as "left/right" configuration: the terminations 

;,oL Int 7 9 I 'i^ S ' anted in SUCh 3 Way that the beam 1 4 P r °P a 9 a «ng through the first input guide 
1 upon entering the recess 5 ,s deflected counter-clockwise (that is, towards the left), while the beam 24 propagating 

™, SeC ° nd inpUt 9Uide 2 ' Upon enterin9 the recess 5 is deflected clockwise (i.e., towards the right) 

, t S ^° nd SPatia ' C ° nf i9Ura,i0n ' depiCt6d in Fi9Ure 8 ' is referred 10 as "right/left" configuration: the terminations 
nnln 0 nf IT* 9UideS * ^ SUCh 3 *" the beam 1 4 Plating through the first input guide 

1, upon entering the recess 5 is deflected clockwise (towards the right), while the beam 24 propagating through the 
second input guide 2, upon entering the recess 5 is deflected counter-clockwise (towards the left) 
[0069] A third configuration, depicted in Figure 9, is referred to as "left/left" configuration: both the beam 14 propa- 
gating through the first input guide 1 and the beam 24 propagating through the second input guide, upon entering The 
recess 5 are deflected counter-clockwise, that is towards the left. 
[0070] A fourth possible configuration, not shown, is called "right/right" configuration: in this configuration both the 
beam propagating through the first input guide and that propagating through the second input guide, upon entering 
he recess are deflected clockwise, i.e. towards the right. This configuration will not be examined in detail since it is 
totally equivalent to the "left/left" configuration. 
55 [0071] In all the shown spatial configurations, the axes 1 2, 42 of the first input guide 1 and second output guide 4 
are parallel to each other, as are the optical axes 22, 32 of the second input guide 2 and first output guide 3 Also the 
axes of guides 2 and 3 are perpendicularto the axes of guides 1 and4. However, this is not to be intended as a limitation 
of the present invention. 
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[0072] The recess 5, instead of having a square shape, has the shape of a parallelogram. 

[0073] The "left/right" and "right/left" spatial configurations (Figures 7 and 8) are symmetrical with respect to a diag- 
onal e of the parallelogram leaving at the left thereof the first input guide 1 and first output guide 3. The mirror 6 is 
oriented along such a diagonal e. The "left/left" spatial configuration (Figure 9) is not symmetrical, and the mirror 6 in 

5 not directed along the diagonal e of the parallelogram. 

[0074] A centre A of the first input guide termination 11 is located at a distance W1 from a vertex B of the parallelogram 
situated between the first input guide 1 and the first output guide 3. In turn, a centre C of the first output guide termination 
31 is located at a distance W2from the vertex B. Similarly, considering a vertex F of the parallelogram situated between 
the second input guide 2 and the second output guide 4, a centre G of the second input guide termination 21 is located 

10 at the distance W1 vertex F, and a centre H of the second output guide termination 41 is located at a distance W2 from 
vertex F 

[0075] The orientation of the mirror 6 when the latter is in its second operating position determines an angle of 
deflection 26 of the optical beams 14, 24, said angle of deflection being equal to twice the angle of incidence G of the 
beams against the reflecting surfaces 61 , 62 of the mirror. The direction of the deflected beams depends on the mirror 
15 orientation and the angle G of incidence of the beams against the mirror. 

[0076] For each spatial configuration of the optical switch, the distances W1 , W2 and the angle 6 univocally determine 
the angle ^ between the consecutive sides of the parallelogram concurring at vertex B. Distances W1 , W2 and angle 
G univocally determine as well the length of the optical path in the cross condition. 

[0077] Let first be assumed that the mirror 6 has a negligible thickness. The distances W1 and W2 are then made 
20 equal to each other. 

[0078] When the optical switch is in the cross condition the optical path of the beam 1 4 within the recess is equal to 
the sum of the lengths of segments [A;D] and [D;C], where D is the point of impact of the beam against the mirror 6. 
Similarly, the optical path of the beam 24 is equal to the sum of the lengths of segments [G;D] and [D;H]. 
[0079] When the switch is in the bar condition the optical path of the beam 14 within the recess is equal to the sum 
25 of the lengths of segments [A;D] and [D;H], while the optical path of the beam 24 is equal to the sum of the lengths of 
the segments [G;D] and [D;C]. 

[0080] For the "left/right" and "right/left" spatial configurations of Figures 7 and 8, which are symmetric with respect 
to the diagonal e of the parallelogram recess, the optical paths in the bar condition and in the cross condition are equal 
to each other. In fact, the length of segment [A;D] is equal to the length of segment [G;D] and the length of segment 

30 [D;C] is equal to the length of segment [D;H] 

[0081] On the contrary, for the "left/left" configuration of Figure 9, which is asymmetric, while the two optical paths 
of the beams 14 and 24 in the cross condition are equal to each other, such two optical paths differ from the optical 
paths in the bar condition, and also differ from each other depending on the pair of input/output guides considered: for 
the pair of guides 1 and 4, the bar condition optical path is equal to twice the length of the segment [A;DJ, while for the 

35 pair of guides 2 and 3 the bar condition optical path is equal to the twice the length of the segment [D;C]. 

[0082] If the mirror 6 has a non-negligible thickness s, then the distance W2 is preferably set to be equal to (W1 -d/2), 
where d is an offset factor equal to s*sin(G) (G being the angle of incidence of the beam against the mirror surface). In 
this way, for a 2x2 optical switch the coupling losses are balanced for the pair of guides 1 , 3 and 2, 4 and for the bar 
and cross conditions. 

40 [0083] Alternatively, if it is known a priori that the device is intended to work as a 1x2 optical switch, for example 
using the first input guide 1 and the two output guides 3, 4, then the distances W1 and W2 can be made equal to each 
other, and the mirror 6 shifted so that the point D lies on the first reflecting surface 61 . 

[0084] For the spatial configurations discussed above, the insertion losses depend on the values of W1 , W2 and 6, 
as will be described in the following. 
45 [0085] First of all, it is possible to calculate the optical path length % f° r tne three spatial configurations. We will 
assume that w=W1 =W2. 

[0086] For the "left/right" configuration of Figure 7: 

= 2-w.cos(G-11.72°) 
50 * sinG 

For the "right/left" configuration of Figure 8: 

= 2-jy-cos(6+11.72°) 
55 x sinG 

[0087] For the "left/left" configuration of Figure 9: 
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= 1.9583- iv 
X tanfi 

[0088] Given the optical path length, the insertion loss due to the length of the optical path in the recess and the 
offset d, in the cross condition, can be calculated using the Miller formula: 
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where n A = 1 .46 is the effective refraction index, R = 5 urn is the radius of the optical mode and X = 1.55 urn is the 
wavelength of the optical mode. 

[0089] For a 1 x2 switch, with an offset d equal to zero, assuming that w=W1 =W2=11 urn, and substituting in the last 
formula the calculated values for the optical path x , the diagram of Figure 1 0 is obtained. In such a diagram, the insertion 
loss, or attenuation (in dB) is depicted as a function of the angle 6 (in degrees), that is the angle of incidence of the 
beam against the mirror, for the three above described configurations. It can be seen that for all the three spatial 
configurations the insertion loss decreases for increasing values of the angle 0. The reason for this is that, due to the 
other constraints on the distances W1 and W2, the dimensions of the recess decreases for increasing values of the 
angle e. 

[0090] Actually, the diagram of Figure 1 0 does not take into account the fact that for increasing values of the angle 
6 an effect of truncation of part of the recess sides arises. This effect of truncation is particularly evident in the "left/ 
left" configuration, which is asymmetric and in which the position of the mirror partially obscures the recess. 
[0091] Once these effects are taken into account, the diagram of Figure 11 is obtained, from which it can be seen 
that for all the three spatial configurations, the insertion loss does not decrease indefinitely for increasing angle 6: for 
each spatial configuration a value for the angle 6 exists in correspondence of which the respective insertion loss reaches 
a minimum, after which if the value of the angle G is further increased the insertion loss increases rather rapidly due 
to the effect of truncation of the recess sides. In order to obtain this diagram, the effect of truncation has been calculated 
in terms of percentage of optical power lost by a gaussian mode intercepting an opening asymmetric with respect to 
the optical axis of the mode itself. 

[0092] Similar diagrams can be obtained changing the values for the distances W1 and W2, clearly with different 
values of insertion losses. 

[0093] The analysis conducted so far allows to determine spatial configuration of a 1 x2 optical switch for which the 
insertion loss is low. In particular it can be derived that: 

an acceptable range of values for the distances W1 = W2 is from 1 0 to 1 4 urn; 

- the acceptable range of values for the angle 6 depends on the spatial configuration. For example, for the "right/ 
left" configuration of Figure 7 the angle 6 preferably ranges from 33° to 44°, while for the "left/right" configuration 
of Figure 8 the preferred range is from 44° to 55°; 

- the resulting angle calculated starting from the chosen values for W1 = W2 and e, also depends on the specific 
spatial configuration. For example, for "right/left" configuration angle £ should preferably be in the range 68° to 
90°, while for the "I eft/right" preferred values ranges from 93° to 115°; 

- also resulting from the chosen values for W1 - W2 and 6, the side length of the parallelogram should be in the 
range 19 urn to 29 urn in the case of the "right/I eft" configuration, while for the "left/right" configuration the paral- 
lelogram side length should range from 1 9 um to 30 um. 

[0094] With the above exemplifying values, insertion losses ranging from 0.5 to 0.7 dB can be achieved. 
[0095] From the diagram of Figure 11 it can also be observed that the "left/left" configuration is comparatively less 
advantageous, since in addition to having an insertion loss in the cross condition always slightly higher compared to 
the other two spatial configurations, as already discussed this configuration also has non-uniform losses in the cross 
and bar conditions. 
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[0096] For a 2x2 optical switch, the offset factor d is to be introduced in the above formula to take into account the 
thickness of the mirror. The positions of the output guides 3 and 4 are then shifted of d/2 that is, W2 = W1 - d/2. 
Assuming a reasonable mirror thickness of about 2 pm and a value for W1 of 11 urn. and taking into account the effect 
of truncation, the diagram of Figure 12 is obtained. From this diagram it can be seen that if the mirror thickness is 
5 relatively small, similar ranges of values as for the 1x2 optical switch allows to obtain insertion losses in the range of 
0.6 to 0.8 dB. The centre of the output optical guides is shifted of 0.2 - 0.3 fim compared to the 1x2 configuration. 
[0097] Figure 1 3 depicts a similar diagram of insertion loss as a function of the angle £ which, as previously mentioned, 
is calculated starting from the values of W1 , W2 and 6. 

[0098] Preferably, in order to further reduce the device insertion loss, the walls of the recess can be coated by an 
10 anti-reflecting layer. 

[0099] It is important to note that it is not strictly necessary that the recess has the shape of a parallelogram. The 
recess may in general have the shape of an irregular polygon, in which case the vertex B will be the intersection of the 
extensions of the terminations 11,31 of the guides 1 and 3 and the angle % will be the angle formed by said extensions. 
[01 00] It is also to be observed that the values indicated above relate to the case of an integrated optical switch with 
15 silica based glass optical guides of dimensions such that the radius of the guided mode is approximately 5 jam, and in 
which the optical transmissive medium in the recess is air. Clearly the above dimensions will vary depending on the 
diameter of the guided optical mode (for example, the optical guides could be tapered near their terminations, so as 
to widen the diameter of the guided optical mode), of the material forming the optical guides and of the optical properties 
of the medium in the recess. 

20 [0101] The optical switch configuration previously described lends to the integration in a chip of a one- or two-di- 
mensional array of optical switches, optically connected to each other by means of integrated guides. For example, in 
Figure 14 a chip 140 is schematically shown in which a four-by-four array of 2x2 optical switches 141 of one of the 
types previously described is integrated; for example, the optical switches 141 have the "left/right" spatial configuration 
of Figure 7. 

25 [0102] In the chip 140 there are integrated an array of four first input guides 141 , arranged along a first input side 
1401 of the chip, an array of four second input guides 143, arranged along a second input side 1402 of the chip, an 
array of four first output guides 144 arranged along a first output side 1403 of the chip, and an array of four second 
output guides 145 arranged along a second output side 1405 of the chip. Integrated guide segments 146 are provided 
to optically connect the switches 141 to each other. 

30 [0103] As schematically shown in Figure 15, the array of switches of Figure 14 can be connected to the external 
. world by means of four multifibre arrays 151 , 152, 153, 154, each one comprising in the shown example four optical 
fibres 1511 , 1521 , 1531 , 1541 . Each multifibre array 1 51 , 152, 153, 154 is arranged in correspondence of a respective 
side 1401 , 1402, 1403, 1404 of the chip 140, in such a way as the fibres 1511 , 1521 , 1531 , 1541 are aligned with the 
integrated guides 142, 143, 144, 145. 

35 [0104] It is important to note that the parallelogram shape of the recess 5 is not to be intended as a limitation. The 
recess can actually have any shape. The design criteria outlined above will still be satisfied considering point B as the 
intersection between ideal extensions of the terminations 11 and 31, and point F the intersection between the ideal 
extensions of terminations 21 and 41 . The angle £ will thus be the angle formed by said ideal extensions. 
[0105] It is also to be noted that the design criteria set forth above not only apply to optical switches integrated in 

40 silicon substrates by means of silicon micro-machining, but also to optical switches formed with optical fibres. 



Claims 

45 1. An optical switch comprising: 

at least a first input optical guide (1) having a first beam exit termination (11) and a first and second output 

optical guides (3,4) respectively having first and second beam entrance terminations (31,41); 

a movable reflecting element (6), operatively associated with said exit termination and entrance terminations, 

50 movable between a first position and a second position, the first position causing an optical beam (14) exiting 

from said exit termination to be directed towards the first entrance termination, the second position causing 
said optical beam to be directed towards the second entrance termination, characterized in that a normal 
direction to each of said exit termination and entrance terminations forms a first angle (ct1 ), different from 0°, 
with an optical axis (12,32,42) of the respective guide, said first angle depending on optical properties of the 

55 guides and of an optical transmissive medium between the exit termination and entrance terminations and 

being such that back-reflected beams inside the guides are attenuated with respect to a guide termination 
perpendicular to the optical axes of the guides. 
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. The optical switch of claim 1 , in which said first angle (a1) is such that back- reflected beams inside the guides are 
attenuated of at least 40 dB. 

. The optical switch of claim 2, in which the guides (1 ,3,4) are silica based glass guides, the optical transmissive 
medium is air and said first angle (a1 ) is equal to or higher than approximately 7°. 

. The optical switch of claim 3, in which a first intersection (B) between ideal extensions of the first exit termination 
(11) and the first entrance termination (31) is located at a first distance (W1) from a centre (A) of the first exit 
termination and at a second distance (W2) from a centre (C) of the first entrance termination, and in which said 
extensions form a second angle (c,) which depends on the first and second distances and on an angle of incidence 
(9) of an optical beam (14) exiting the first exit termination against the reflecting element (6) when the latter is in 
said first position. 

5. The optical switch of claim 4 : in which said first and second distances range from approximately 1 0 urn to approx- 
15 imately 14 um. 

6. The optical switch of claim 5, in which said second angle (£) is either acute and preferably comprised between 
approximately 68° and approximately 90° , or obtuse and preferably comprised between approximately 93° and 
approximately 115°. 

20 

7. The optical switch of claim 6, in which an optical path ([A;H]) from the first exit termination (11) to the second 
entrance termination (41 ) is substantially equal to twice an optical path ([A;D]) from the first exit termination to the 
reflecting element (6) when the latter is in the first position. 

25 8. The optical switch of claim 7, in which said second distance (W2) is substantially equal to said first distance (W1 ) 
and the reflecting element (6) is so arranged that when in the first position the optical beam (14) exiting the first 
exit termination (11) enters the first entrance termination (31) substantially at the centre (C) thereof. 
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9. The optical switch of claim 7, further comprising a second input optical guide (2) having a second beam exit ter- 
mination (21) with a normal direction forming said first angle («1) with an axis (22) of the second input guide, the 
second input guide being arranged so that when the reflecting element (6) is in the first position an optical beam 
(24) exiting the second exit termination is directed towards the second entrance termination (41), while when the 
reflecting element is in the second position the optical beam is directed towards the first entrance termination (31 ). 

1 0. The optical switch of claim 9, in which ideal extensions of the second exit termination (21 ) and the second entrance 
termination (41) form said second angle (£) and intersect at a second intersection (F) located at said first distance 
(W1) from a centre (G) of the second exit termination and at said second distance (W2) from a centre (H) of the 
second entrance termination (41). 

11. The optical switch according to claim .10, in which when in the first position the reflecting element (6) is located 
substantially midway between said first and second intersections (B,F), said second distance (W2) being substan- 
tially equal to said first distance (W1) minus a value (d/2) depending on a thickness (s) of the reflecting element. 

12. The optical switch of claim 11 , in which the axes (12,42) of the first input guide (1 ) and second output guide (4) 
are parallel to each other, and the axes (22,32) of the second input guide (2) and first output guide (3) are parallel 
to each other. 

13. The optical switch of claim 12, in which the axes (12,42) of the first input guide (1 ) and second output guide (4) 
are perpendicular to the axes of the second input guide (2) and first output guide (3). 

14. The optical switch according to anyone of the preceding claims, in which said at least a first input guide (1) and 
said first and second output guides (3,4) are integrated in a substrate (100) and converge to a recess (5) formed 
in the substrate and adapted to movably house the reflecting element (6). 

1 5. The optical switch according to claim 1 4 when depending on claim 1 2, in which said recess (5) has a parallelogram 
shape with perimeter walls defined by the extensions of the first and second exit terminations (1 1 ,21 ) and first and 
second entrance terminations (31 ,41 ). 
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16. An optical switching device comprising a plurality of optical switches (141), characterized in that the optical switch- 
es are realized according to claim 14 and are integrated in a same substrate (140). 

17. The optical switching device of claim 16, in which said plurality of optical switches (141) is arranged to form a two- 
5 dimensional array, the optical switching device further comprising a first and a second arrays of input guides 

(142,143), a first and a second arrays of output guides (144,145), and interconnection guides (146) for intercon- 
necting the optical switches to each other. 

18. The optical switching device of claim 17, in which each one of the arrays of guides (142,143,144,145) is arranged 
10 along a respective side (1401,1402,1403,1404) of the substrate (140). 

19. The optical switching device of claim 18 : further comprising four arrays of optical fibres (151,152,153,154) each 
one aligned to and connected with a respective one of arrays of guides (142,143,144,145). 
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